We introduce a representative database of 60 accurate diene isomerization energies obtained by means of the high-level, ab initio Wn-F12 thermochemical protocols. The isomerization reactions involve a migration of one double bond that breaks the π-conjugated system. The considered dienes involve a range of hydrocarbon functional groups, including linear, branched, and cyclic moieties. This set of benchmark isomerization energies allows an assessment of the performance of more approximate theoretical procedures for the calculation of π-conjugation stabilization energies in dienes. We evaluate the performance of a large number of density functional theory (DFT) and double-hybrid DFT (DHDFT) procedures. We find that, with few exceptions (most notably BMK-D3 and M05-2X), conventional DFT procedures have difficulty describing reactions of the type: conjugated diene → non-conjugated diene, with root mean square deviations (RMSDs) between 4.5-11.7 kJ mol -1 . However, DHDFT procedures show excellent performance with RMSDs well below the 'chemical accuracy' threshold.
Introduction
Over the past two decades density functional theory (DFT) has become one of the most widely used electronic structure methods in materials and quantum chemistry due to its attractive accuracy-to-computational cost ratio relative to other electronic structure methods. With this increase in popularity there has been a proliferation in the number of developed DFT procedures. 1 The approximations for the XC functional can be classified according to their rung on Perdew's 'Jacob's Ladder of DFT': (1) the local density approximation (LDA); (2) pure generalized gradient approximation (GGA) employing both the local density and the reduced density gradient; (3) the meta-GGAs (mGGA) which additionally employ the kinetic energy density; (4) the hybrid-meta-GGAs (hmGGA) which additionally involve the occupied orbitals; and (5) the double-hybrid (DH) functionals which additionally employ the virtual orbitals. 2, 3 While, in general, the accuracy of DFT increases as one climbs the rungs of Jacob's Ladder at present no truly systematic path towards the exact solution exists. Thus, the only validation for a given DFT approximation is benchmarking against accurate reference data. Ideally, the benchmark data should: (i) have well-defined error bars that are much smaller (preferably, by an order of magnitude or more) than the intrinsic error of the method being evaluated, and (ii) be as large and chemically diverse as reasonably possible. 4, 5, 6 It is well established that the performance of DFT (or for that matter of any approximate theoretical procedure) can vary for different types of reactions. In particular, the accuracy of a given approximate theoretical procedure should increase as larger molecular fragments are conserved on the two sides of the reaction, due to an increasing degree of error cancellation between reactants and products. For example, the performance of DFT improves along the sequence: atomization ! isogyric ! isodesmic ! hypohomodesmotic ! homodesmotic ! hyperhomodesmotic reactions. 7, 8, 9, 10, 11, 12, 13 In the context of hydrocarbon isomerization reactions, it has been shown that the performance of DFT for linear alkane → branched alkane isomerizations is significantly better than that for isogyric structural isomerizations. 8, 14, 15, 16, 17, 18, 19, 20 For example, the root mean square deviations (RMSDs) for a wide range of DFT methods for C 8 H 8 isomer energy separations (which are mostly isogyric reactions in which the bonding situation is very different on both sides of the reaction) vary between 5.0-40 kJ mol -1 . 15 On the other hand, the RMSDs for a wide range of dispersion-corrected DFT for linear → branched alkane isomerizations (i.e., reactions that conserve the number of C atoms in each hybridization state in addition to being isodesmic) are about one order of magnitude smaller,
i.e., they vary between 0.5-4.0 kJ mol -1 . 10 In the present work, we introduce a representative benchmark database of 60 diene isomerization energies (to be known as the DIE60 set). The reactions in the DIE60 database ( Figure 1 ) are of the type conjugated diene → non-conjugated diene. The database covers a broad spectrum of structures, including linear and branched dienes (C n H 2n-2 ) and cyclic dienes (C n H 2n-4 ) (n = 5, 6, and 7). Reference isomerization energies at the CCSD(T)/CBS level (i.e., complete basis set limit CCSD(T) energies) are obtained by means of the high-level W2-F12 procedure (for the C 5 H 6 , C 5 H 8 , C 6 H 8 , C 6 H 10 , and C 7 H 10 dienes) or with the W1-F12 procedure (for the C 7 H 12 dienes). 21 These benchmark values allow us to assess the performance of more approximate theoretical procedures for the isomerization energies. Specifically, we examine the performance of a variety of contemporary DFT procedures, including the recently developed double-hybrid DFT (DHDFT) methods, as well as a number of high-level composite thermochemistry procedures, and several conventional ab initio methods. We note that all the isomerization reactions in the DIE60 dataset are hypohomodesmotic, that is, in addition to being isodesmic (i.e., conserving numbers of each formal bond type), they also conserve the number of C atoms in each hybridization state and the hapticity (primary, secondary, and tertiary). The use of hypohomodesmotic transformations, in which the chemical environments (except for π-conjugation) are largely balanced on the two sides of the reaction, allows us to evaluate the performance of approximate theoretical procedures for the calculation of the π-conjugation stabilization energies. 
Computational Methods
In order to obtain reliable reference isomerization energies for the DIE60 database, calculations have been carried out using the high-level, ab initio W2-F12 procedure with the 23 , 24 represent layered extrapolations to the relativistic, all-electron CCSD(T)/CBS (coupled cluster with singles, doubles, and quasiperturbative triple excitations basis-set-limit energy). These composite theories include scalar-relativistic, diagonal Born-Oppenheimer, zeropoint vibrational energy, and enthalpic corrections and can achieve 'near-benchmark accuracy'
for atomization reactions (e.g., W2-F12 theory is associated with a mean absolute deviation of 1.3 kJ mol −1 for a set of 140 very accurate atomization energies). 5, 10, 21, 23, 24, 25, 26 Nevertheless, it should be pointed out that for the hypohomodesmotic isomerization reactions in the DIE60 database these theories should yield even better performance due to a large degree of systematic error cancelation between reactants and products. shown to accelerate the basis set convergence. 21, 35 In all of the explicitly correlated coupled cluster calculations the diagonal, fixed-amplitude 3C(FIX) ansatz 33, 36, 37, 38 and the CCSD-F12b approximation are employed. 34, 35 The CCSD inner-shell contribution is calculated with the corevalence weighted correlation-consistent aug'-cc-pwCVTZ basis set of Peterson and Dunning, 39 whilst the (T) inner-shell contribution is calculated with the cc-pwCVTZ(no f) basis set (where cc-pwCVTZ(no f) indicates the cc-pwCVTZ basis set without the f functions). The scalar relativistic contribution (in the second-order Douglas-Kroll-Hess approximation) 40, 41 is obtained as the difference between non-relativistic CCSD(T)/A'VTZ and relativistic CCSD(T)/A'VTZ-DK calculations. 42 The diagonal Born-Oppenheimer corrections are calculated at the HF/cc-pVTZ level of theory using the CFOUR program suite.
43
The isomerization energies for the larger C 7 H 12 dienes have been obtained with the computationally more economical W1-F12 procedure. The computational protocol of the W1-F12 method has been specified and rationalized in detail in Ref. 21 (see also discussion in Ref.
44). The main difference between W1-F12 and W2-F12 is that W1-F12 uses smaller basis sets for extrapolating the HF, CCSD-F12, and (T) contributions. Specifically, the HF and CCSD-F12
contributions are extrapolated from the VDZ-F12 and VTZ-F12 basis-sets using the two-point extrapolation formula with α = 5.00 and 3.38, respectively. The (T) valence correlation energy is obtained in the same way as in the original W1 theory, 23 i.e., extrapolated from the A'VDZ and A'VTZ basis sets with α = 3.22 (where A'VnZ indicates the combination of the standard correlation-consistent cc-pVnZ basis sets on H, 45 and the aug-cc-pVnZ basis sets on C). 46 The geometries of all structures have been obtained at the B3LYP-D3/cc-pVTZ level of theory. 47 Fig. 1 ) of the type:
All the reactions involve a migration of one double bond, which breaks the conjugated π-system.
The DIE60 database covers a broad spectrum of structures, including linear/branched dienes (C n H 2n-2 ) and cyclic dienes (C n H 2n-4 ) (n = 5, 6, and 7 . These values suggest that all the species in the DIE60 database are dominated by dynamical correlation effects, and that our bottom-of-the-well CCSD(T)/CBS benchmark isomerization energies should be within 2-3 kJ mol -1 from the reaction energies at the full configuration interaction (FCI) basis-set limit.
5,21
The component breakdown of the W2-F12 and W1-F12 reaction energies are gathered in Table 1 . For the reactants and products involved in reactions 1, 2, and 6 experimental heats of formation at 298 K are available from the NIST thermochemical database (Table S3, Supplementary data). 104 These result in reaction enthalpies at 298 K (∆H 298 ) of 30.5 ± 1.5 (1) e Nonrelativistic, all-electron, vibrationless, DBOC-exclusive CCSD(T) basis set limit reference isomerization energies (these are used for the evaluation of the DFT, composite, and ab initio procedures).
f Relativistic, all-electron, ZPVE-inclusive, DBOCinclusive CCSD(T) basis set limit reference isomerization energies at 0 and 298 K (for comparison with experiment). g The DBOC contribution to the reactions is generally below 0.05 kJ mol -1 (Table S4 , Supplementary data). h Enthalpy functions (H 298 -H 0 ) are obtained within the rigid rotor-harmonic oscillator approximation from the B3LYP-D3/ccpVTZ calculated geometry and harmonic frequencies. Table S3 , Supplementary data).
Overview of the isomerization reactions in the DIE60 dataset. The reactions in the DIE60
database (see Fig. 1 and Eq. 1) may be divided into two subsets, reactions involving linear/branched structures (1-19):
Linear/branched conjugated diene → Linear/branched non-conjugated diene (1a)
and reactions involving cyclic structures :
The reactions of type (1a) (Table 1 ). All these reactions involve cyclic 3-membered rings in which the number of sp 2 carbons in the ring is not balanced on the two sides of the reaction. In particular, the reactants have n+1 sp 2 carbons in the ring, whilst the products have only n sp 2 carbons in the ring (n = 1, 2). The exothermicity of these reactions is, in part, attributed to the reduced strain energy in the products relative to the reactants. Or in other words, the decrease in the strain energy when moving from a ring with n+1 sp 2 carbons to n sp 2 carbons is larger than the π-conjugation stabilization energy involved in the reactants. Reactions in the DIE60 database involving 3-membered rings in which the number of sp 2 carbons in the ring is not balanced on the two sides of the reaction. In all cases the reactant has n+1 sp 2 carbons in the ring and the product has n sp 2 carbons in the ring (n = 1, 2).
Performance of DFT procedures for the isomerization reactions in the DIE60 database.
The W2-F12 and W1-F12 reaction energies provide a benchmark set of values that allows the evaluation of the performance of computationally less demanding procedures for the calculation of π-conjugation stabilization energies in linear, branched, and cyclic dienes. For a rigorous comparison with the DFT data, secondary effects that are not explicitly included in the DFT calculations, such as relativity and zero-point vibrational corrections, are excluded from the Wn-F12 reference values.
3.3.1. Entire DIE60 dataset. Table 2 gives the root mean square deviation (RMSD), mean absolute deviation (MAD), and mean signed deviation (MSD) from our benchmark Wn-F12
results for a series of contemporary DFT functionals (with and without empirical D3 dispersion corrections). We start by making the following general observations: (27) a The standard DFT calculations were carried out in conjunction with the cc-pVTZ basis set, while the DHDFT calculations, which exhibit slower basis set convergence, were carried out in conjunction with the cc-pVQZ basis set. b RMSD = root mean square deviation, MAD = mean absolute deviation, MSD = mean signed deviation, LD = largest deviation (in absolute value). c GGA = generalized gradient approximation, HGGA = hybrid-GGA, MGGA = meta-GGA, RS = range-separated HGGA, HMGGA = hybrid-meta-GGA, DH = double hybrid.
d The reaction numbers are given in parenthesis (see Fig. 1 ).
The eleven considered GGA functionals show relatively poor performance with RMSDs = 6.6-11.3 kJ mol -1 , where all the GGA functionals without a dispersion correction give RMSDs above 8 kJ mol -1 . Of the dispersion-corrected GGAs, the functionals that gives RMSDs below 8 kJ mol -1 are: BLYP-D3 (6.6), BP86-D3 (7.5), and B97-D (7.7 kJ mol -1 give significantly higher RMSDs of 6.3-7.7 kJ mol -1 . We note that the good performance of the HGGAs and HMGGAs with high percentages of Hartree-Fock exchange indicates that the selfinteraction error (also known as the delocalization error) 105 may play an important role in these systems. This is also indicated by the generally good performance of the RS functionals (vide infra).
The range-separated hybrid-GGAs give reasonably good performance with RMSDs ranging between 3.1 (CAM-B3LYP-D3) and 5.0 (LC-ωPBE) kJ mol -1 . We note that the good performance of CAM-B3LYP-D3 is followed by ωB97X-D (3.4), ωB97X (3.6), CAM-B3LYP (3.8), and M11 (3.9 kJ mol -1 ).
The double-hybrid functionals show excellent performance with RMSDs ranging between 1.4 (DSD-BLYP) and 4.2 (B2-PLYP) kJ mol -1 (excluding B2K-PLYP, which was parameterized for thermochemical kinetics and shows very poor performance with an RMSD of 11.0 kJ mol -1 !!). 84, 85 We note that B2GP-PLYP gives similar performance to DSD-BLYP with an RMSD of 1.6 kJ mol -1 , and that both procedures attain near-zero MSDs (-0.1 and -0.3 kJ mol -1 , respectively). Table S5 (Supplementary data) gives an overview of the basis set convergence for the reactions in the DIE60 database. We consider Dunning's cc-pVnZ basis sets (n = D, T, Q). With few exceptions, the functionals converge relatively smoothly and rapidly to the basis set limit such that even the cc-pVDZ basis set gives acceptable results. For example, the RMSDs obtained with the cc-pVDZ basis set are generally higher by 0.1-0.5 kJ mol -1 than those obtained with ccpVQZ basis set. Table 3 gives the RMSDs over a subset of the DIE60 database involving only linear/branched structures (reactions 1-19, Fig. 1) . Comparison of the RMSDs obtained for the linear/branched subset (Table 3) with the RMSDs for the entire DIE60 set (Table   2 ) reveals that for some functionals the RMSD increases and for some it decreases. However, with very few exceptions the changes in the RMSDs between the two sets vary between 0-2 kJ mol -1 . We make the following general observations with regard to the performance of DFT for the linear/branched subset:
Linear/branched dienes.
" The GGA and MGGA functionals give poor performance with RMSDs ranging between 6.6 and 13.2 kJ mol -1 . The best performing GGA being BLYP-D3 (RMSD = 6.6 kJ mol " The performance of the DH procedures for the linear/branched subset is practically the same as it is for the entire DIE60 set. Reactions in which the number cyclic sp 2 carbons is the same on the two sides of the reaction. f Reactions in which the number cyclic sp 2 carbons is not balanced on the two sides of the reaction (Fig. 2) . g All reactions involving 3-membered rings (reactions 20-42).
h All reactions involving 4-membered rings (reactions 43-48). i All reactions involving 5-membered rings (reactions 49-60). Table 3 gives the RMSDs over the reactions that involve only the cyclic structures in the DIE60 database (reactions 20-60, Fig. 1 The last three columns of Table 3 give the RMSDs for the subset of cyclic reactions that involve only 3-membered rings, 4-membered rings, and 5-membered rings. It is clear the subset of the 3-membered rings is the most taxing subset, namely, the performance of most of the GGA, MGGA, HGGA, and HMGGA functionals deteriorates along the series: 5-membered rings ! 4-membered rings ! 3-membered rings. It is instructive to further divide the subset of the 3-membered rings into two subsets: (i) reactions in which the reactants and products have the same number of sp 2 carbons in the ring, and (ii) reactions in which the number of sp 2 carbons in the ring is not balanced on the two sides of the reaction (Fig. 2) . In the following we will refer to these subsets as subsets (i) and (ii). In subset (i) the strain energy is expected to be similar on both sides of the reaction, whilst in subset (ii) the strain energy is expected to be larger on the reactants side. This is due to the strain energy associated with the presence of an extra sp 2 carbon in a highly strained 3-membered ring (see also discussion in Section 3.2). The RMSDs for these two subsets are given in Table 3 . It is convenient for the following discussion to define: ∆RMSD = RMSD subset ii -RMSD subset i . The performance of almost all of the GGA, MGGA, HGGA, HMGGA, and range-separated functionals is significantly better for subset (i) than for subset (ii). As discussed in Section 3.2, all the reactions in subset (ii) are exothermic. However, inspection of the DFT reaction energies reveals that a large number of DFT procedures (83% of the conventional DFT functionals) predict that reaction 36 is endothermic (Fig. 2) . Table 4 gives the W2-F12 and the DFT reaction energies for this taxing isomerization reaction. At the W2-F12
Cyclic dienes.
level we obtain a reaction energy (∆E e ) of -7.7 kJ mol (Table 5) .
We now turn our attention to the performance of the standard wavefunction methods in conjunction with the cc-pVnZ basis sets (n = D, T, and Q) ( Table 5) . We start by noting that practically all the ab initio methods converge fairly rapidly to the basis set limit. For example, for the methods for which we have cc-pVQZ results (HF, MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3) the difference in the overall RMSDs between the cc-pVQZ and cc-pVTZ are equal to or smaller than 0.1 kJ mol -1 (in absolute value). In the following discussion we will use the results obtained with the cc-pVQZ for the abovementioned methods, and the cc-pVTZ basis set for all the rest. Nevertheless, it is worth mentioning that even the cc-pVDZ basis set does not perform too badly, considering its low computational cost. Specifically, the difference in the overall RMSDs between the cc-pVTZ and cc-pVDZ basis sets are equal to or smaller than 0.6 kJ mol -1 (in absolute value), with the exception of CCSD(T) for which it is 0.9 kJ mol -1 (Table 5) . energy is extrapolated to the basis-set limit with an extrapolation exponent of 3). 106 This costeffective approach, which has been shown to give good results for noncovalent interactions, 6, 107, 108, 109, 110 results in an RMSD of merely 0.5 kJ mol -1 and in fact outperforms all of the standard ab initio and composite procedures in Table 5 . 
Conclusions
We have obtained benchmark isomerization energies by means of the high-level W2-F12 composite thermochemistry protocol (or W1-F12, for the largest systems), for a diverse set of isomerization reactions involving double-bond migration in conjugated dienes. We use these benchmark diene isomerization energies (a.k.a. the DIE60 database) to evaluate the performance of a variety of contemporary density functional theory and ab initio procedures for the calculation of π-conjugation stabilization energies. With regard to the performance of the DFT and DHDFT procedures for the DIE60 dataset we make the following observations:
" The calculation of π-stabilization energies serve as a challenging test for most conventional DFT procedures, in particular the GGA and MGGA functionals. With regard to the performance of the composite and ab initio procedures, we draw the following conclusions:
" The composite procedures show excellent performance with RMSDs ranging between 0.9 (CBS-QB3) and 1.7 (G4(MP2)) kJ mol −1 .
" The standard ab initio procedures also show good performance with SCS-MP2 offering the best performance-to-computational-cost ratio (RMSD = 1.1 and 1.0 kJ mol -1 , respectively, in conjunction with the cc-pVTZ and cc-pVQZ basis sets).
" Estimating the CCSD(T)/CBS energy from the CCSD(T)/cc-pVDZ energy and adding an MP2-based basis-set-correction term results in an RMSD of only 0.5 kJ mol -1 .
Remarkably, this simple and cost-effective procedure outperforms all of the considered ab initio and composite procedures.
Appendix A. Supplementary data
Comparison of W1-F12 and W2-F12 reaction energies for the isomerization reactions in DIE60 database (Table S1 ); diagnostics indicating the importance of nondynamical correlation effects for the species involved in the DIE60 database (Table S2) ; experimental heats of formation (∆H f,298 ) for the species involved in reactions 1, 2, and 6 (Table S3) ; diagonal Born-Oppenheimer corrections for the reactions in DIE60 database (Table S4) ; overview of the basis set convergence of the DFT procedures (Table S5) ; B3LYP-D3/cc-pVTZ optimized geometries for all the species considered in the present work (Table S6) 
